Abstract. Sustainability is a multifaceted concept. It is expressed here as 'to ensure that the past and current management and use of natural resources does not diminish their capacity to meet economic, environmental, social and aesthetic needs and opportunities of the present and future generations'. Sustainability indicators can be used to monitor responses in condition and trend as a result of natural resource management. We report here 2 case studies that demonstrate the significance of sustainability indicators in discerning trends in land and water resources in the southern Brigalow (Acacia harpophylla) Belt, a major region of the Queensland Murray-Darling Basin. First, soil organic matter was used as a sustainability indicator of soil productivity, soil aggregation, and its association with soil sodicity since these soil attributes affect infiltration rates, runoff and drainage. The second study involved comparing the trends in stream salinity (electrical conductivity) over 35 years and sustainability indicators for a dominant Vertosol in a region used for cereal cropping. Groundwater level and electrical conductivity of a long-term monitoring bore in the Dalby-Chinchilla region, were also analysed to discern trends in salinity and association of the groundwater with soil and stream salinity.
Introduction
Sustainability is a multifaceted concept. Therefore, it is not surprising that its meaning is ambiguous. It is expressed here as 'to ensure that the past and current management and use of natural resources does not diminish their capacity to meet economic, environmental, social and aesthetic needs and opportunities of the present and future generations'. The idea of sustainability indicators seems to recognise that sustainability cannot be precisely defined (Pannell and Schilizzi 2000) although it is increasingly being used for monitoring of natural resource use so that appropriate management practices are employed. Indicators are a composite set of measurable attributes which are derived from functional relationships and can be monitored via field observation, field sampling, remote sensing, survey or compilation of existing information (Walker and Reuter 1996) . Indicators signal desirable or undesirable changes in land, water and vegetation management that have occurred or may occur in the future. By measuring key attributes of a system over time, indicators show the condition and trend of the resource being used (Walker and Reuter 1996; Dalal et al. 1999; Sparrow et al. 2000) .
Sustainability indicators should meet the following criteria: respond to change in management practice and provide trends over time; be easily measured; have expected or threshold values; have low error associated with measurement; be stable in the short term to enable measurement; not be required to be frequently measured; be cost-effective; have the ability to be aggregated from paddock or site to farm/catchment region; be mappable in space and time; and have community acceptance and involvement. These indicators can be broadly grouped under resource maintenance/enhancement, biodiversity, productive capacity (e.g. yield, biomass production, input v. output efficiency), economic viability (disposable income), social acceptance (enhanced quality of life) and community and institutional structures (sustainable culture) (Dalal et al. 1999) .
Detailed lists of sustainability indicators and their significance in monitoring the sustainability of resource use are available from Walker and Reuter (1996) , Dalal et al. (1999) , and others (Acton and Gregorich 1995; State of the Environment Advisory Council 1996; Karlen et al. 1997 ; Standing Committee on Agriculture and Resource Management 1998; Sparrow et al. 2000) . Briefly, on-farm sustainability indicators of land resource use include pH, electrical conductivity, adsorption capacity, organic matter and available nutrients, infiltration rate, aggregate stability, bulk density, rooting depth, surface crust and surface cover, microbial biomass, potentially mineralisable nitrogen, nematode groups, enzyme activity, fatty acid profiles and earthworms. The off-farm indicators include stream flow, stream turbidity, stream water pH and electrical conductivity (salinity), nutrients, pesticides, in-stream macroinvertebrates, riparian vegetation and sediments (Dalal et al. 1999) , and groundwater level and salinity (Sparrow et al. 2000) .
Sustainability indicators can be used for monitoring both the condition and trend of resource management (Walker and Reuter 1996) . Examples of such studies in southern Australia include soil acidification under clover pasture (Williams 1980) and effects of subterranean clover pasture on soil fertility (Russell 1960; Watson 1969) . Such studies in subtropical Australia are rare although trends in resource condition are likely due to increased temperature and rainfall variability, and hence increased biomass and water use or potential evapotranspiration.
We present here an application of sustainability indicators to resource management in the 2 case studies. These studies focused on monitoring trends in soil organic matter in a Vertosol and salinity in stream, groundwater and soil in the southern Brigalow (Acacia harpophylla) Belt, a major region in the Queensland Murray-Darling Basin.
Soil organic matter
Organic matter is fundamental to the maintenance of soil health (the capacity of a specific type of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air health, and support human health and habitation) because it is essential to the optimal functioning of a number of processes important to sustainable ecosystems (Acton and Gregorich 1995; Karlen et al. 1997) . Soil organic matter is a source and sink of carbon and nitrogen and partly of phosphorus and sulfur. It affects micronutrient availability through complexation, chelation and production of organic acids, thus altering soil pH. Conversely, it ties up metals present in toxic amounts (e.g. Cu, As, Hg) (Doran and Parkin 1996) .
Organic matter is essential for good soil structure, especially in low clay content soils, as it contributes towards both formation and stabilisation of soil aggregates (Dalal and Bridge 1996) . Other functions include: contribution to cation exchange capacity, especially in low activity clay and low clay content soils, pesticide retention (Kookana et al. 1998) , microbial biodiversity, water retention in sandy and sandy-loam soils, and provision of a carbon sink and source for greenhouse gases (Dalal and Carter 2000) . Trends in soil organic matter content provide an integrated measure of the biophysical component of sustainable ecosystems (Karlen et al. 1997) .
Electrical conductivity (a measure of salinity)
Electrical conductivity is a measure of salt concentration and can, therefore, provide trends in soil and water salinity, limitations to crop growth and water infiltration. Soil electrical conductivity and pH (indicating soil sodicity) can be a surrogate measure of soil structural decline (Rengasamy and Olsson 1991) , and landscape salinity (Hatton 1999) . Electrical conductivity affects water infiltration rates. Soil water infiltration measures the rate at which water enters the soil surface, and is transmitted through the immediate soil depth (Arshad et al. 1996) . Rainfall is rapidly absorbed by soil with a high infiltration rate, but as the soil structure deteriorates, usually with the loss of organic matter, increase in exchangeable sodium and low electrolyte concentration (low salinity), the infiltration rate of a soil becomes low (Rengasamy and Olsson 1991) . This increases the tendency for soil erosion and runoff in sloping soils and waterlogging in flat soils, thus affecting stream salinity. It also affects the water recharge to groundwater and groundwater salinity.
Methods

Soil monitoring for organic matter and electrical conductivity
Soil organic matter, electrical conductivity, aggregation and exchangeable sodium percentage measurements were made on Langlands-Logie soil (Vertosol) in the Dalby-Chinchilla area, southern Brigalow Belt, by the following 2 approaches. In the first approach, the paired-site sampling approach, soil samples were collected, generally during April-July, from farmers' fields that had been under cultivation for 0.5-45 years (calendar years 1935-1980) , and from an adjacent area that had never been cultivated. The details of this methodology are given by Dalal and Mayer (1986a) .
In the second approach, the oldest cultivated field (used for cereal cropping since 1935) on a Langlands-Logie soil was used to conduct a field experiment from 1985 to 1998. Soil organic matter and electrical conductivity were measured regularly during this period. The experimental details and soil organic matter content up to 1994 are given by Dalal et al. (1995) . In May 2000, the field was again sampled to 3 m depth from the continuous cereal cropping area, the cultivated area that has carried pasture for the last 15 years, and the adjoining area carrying native vegetation (Acacia harpophylla).
The soil sampling procedure, soil processing and analytical techniques, and statistical analysis of the data are described in detail by Dalal and Mayer (1986a, 1986b) and Dalal et al. (1995) .
Data on the volumes of stream water and stream water electrical conductivity were obtained from the HYDSYS database held at NR&M, Indooroopilly (NRM 2001). Electrical conductivity was measured by standard techniques (Franson 1992) . Trends in annual discharge and electrical conductivity were determined after accounting for climate signals (regional rainfall, Southern Oscillation Index, and Decadal Pacific Oscillation) in stepwise multiple regression analysis, and then analysing the residuals against time (since stream discharge with time showed no trend, it was not considered further in this study). Since stream water electrical conductivity showed no significant relationship to climate signals, the trend was analysed by analysing for linear regression against time. Where required, these variables were natural log-transformed before analysis, to approximately stabilise variances. Where monthly data were available, time series and seasonality models were investigated, and fitted before the overall time trend being tested.
The data for groundwater level and conductivity were obtained from the Groundwater Data Base held at NRM, Indooroopilly. Trends in groundwater level and groundwater electrical conductivity were analysed in a similar way to analysis of stream water data. The data for the monitoring bore RN 42230156, as a typical representative of 30 long-term monitoring bores in the Dalby-Chinchilla area, are presented in this paper.
Results and discussion
Soil organic matter
Soil organic C concentration declined exponentially with increasing period of cultivation (Fig. 1) , with a net rate of loss of 0.06%/% per year (Dalal and Mayer 1986b) . This trend was confirmed further by repeated sampling in 1 location for almost 15 years (Dalal et al. 1995) .
Since organic C loss was closely associated with total N loss for this soil, Dalal et al. (1991) showed that wheat grain protein levels also declined as the soil organic matter (C and N) declined in this Vertosol. Moreover, soil aggregation (>20 µm) decreased at a rate of -0.025 per year as the period of cereal cropping increased (Dalal et al. 1991) , and was thus at least partly associated with the decreasing amount of organic matter in soil. Tisdall and Oades (1982) also showed a close relationship between soil aggregation and organic matter concentration in a number of soils. The significant inverse relationship between soil organic matter and exchangeable sodium percentage (ESP) (Fig. 2) (P<0.01) in this Vertosol, which in turn affects soil aggregation (Rengasamy and Olsson 1991) , emphasises the integral nature of soil organic matter as a sustainability indicator for monitoring the condition and trend of land resource (Karlen et al. 1997) . As the soil organic matter declines and exchangeable sodium percentage increases in the surface layer, aggregation decreases, and as a result infiltration rate and hydraulic conductivity also decrease (Cook et al. 1992) , resulting in increasing runoff from these soils.
Soil electrical conductivity (a measure of soil salinity)
Soil electrical conductivity showed a weak (P = 0.056) but declining trend with the period of cultivation (Fig. 3) . After 49-65 years of cereal cropping, electrical conductivity was significantly reduced down to 270 cm depth as compared to the soil under native vegetation (Table 1) . This was primarily due to increased water movement downward, hence salt movement downward in the soil profile. Dalal (1986) reduced the downward movement of water in the top 120 cm depth, where pasture roots would be most active.
Stream water electrical conductivity (as a measure of stream water salinity)
Stream water electrical conductivity of the Condamine River at Chinchilla fluctuated from 100 to 950 µS/cm, with a mean value of 430 µS/cm over the last 35 years of the monitoring period (Fig. 4) . There was a strong seasonal pattern (R 2 = 0.27, N = 82) and a significant (P<0.05) decline over time (regression coefficient = -4.19 ± 1.69 µS/cm.year; P<0.05) (full model, R 2 = 0.32). Also, it was strongly associated with total suspended solids in stream water (R 2 = 0.51, N = 64).
Stream water electrical conductivity declined by 4.2 µS/cm.year during the 35-year period of monitoring. The stream water discharge as the covariate did not improve the electrical conductivity-year relationship. McNeil and Horn (1997) also found a poor or declining trend in stream water electrical conductivity at a number of monitoring stations on the Condamine River. Considering that the electrical conductivity of the soil (0-10 cm) decreases or approaches steady state as the period of cultivation increases (Fig. 3) , runoff from these older soils, which are likely to contain less salts in the top layer, a steady or declining trend in stream water electrical conductivity is expected, especially when annual stream discharge is also steady (data not presented). Groundwater levels in the Dalby-Chinchilla region, especially in the agriculturally developed areas where monitoring bores are located, generally showed a significantly declining trend with time (Fig. 5) . Of the 30 monitoring bores, groundwater level decreased in 24 bores and was stable in 3 bores; only in 3 bores the groundwater level showed increasing trend (data not presented). As expected, there was also a cyclic trend in groundwater level during this period ( general fall in groundwater levels in this region during the 1980-1992 period. The groundwater level trend indicates the balance between water usage, recharge, storage and natural discharge (McNeil and Horn 1997; Hatton 1999) . Apparently, water usage, mostly for irrigation, and natural discharge exceeded the water recharge during the monitoring period. There may also have been an increase in runoff due to increasing exchangeable sodium percentage and decreasing soil aggregation although stream water discharge did not show increasing trend (data not presented), possibly due to increased stream water use and surface storage during this period. Although electrical conductivity measurements were fewer than the groundwater level data, the electrical conductivity of groundwater of the monitoring bore also showed a declining trend (Fig. 6) . Considering the fact that the electrical conductivity values of the groundwater were similar to those of the Vertosol layers in 240-300 cm depths or below (Table 1) , it is most likely that the water recharge occurred from drainage above in this floodplain.
These 2 case studies demonstrate the significance of using sustainability indicators in long-term monitoring of a landscape for soil organic matter, and soil, stream and groundwater salinity to discern trends in resource condition, and evaluate the interrelationship of the attributes monitored as well as taking into account the variable climatic effects, which complicate the trend analysis from short-term monitoring of resources in this environment.
Conclusions
The significance of the sustainability indicators (soil organic matter and electrical conductivity of land, and stream and groundwater) becomes apparent as the period of monitoring increases since climate variability is important in evaluation of the condition and trend of natural resources being used. It is still a challenge to integrate the various 416  188  242  231  95  30-60  1155  364  453  457  147  60-90  1378  683  509  964  176  90-120  1504  992  777  1176  139  120-150  1542  1263  1015  1264  151  150-180  1580  1382  1163  1383  205  180-210  1580  1370  1238  1443  202  210-240  1676  1355  1356  1484  189  240-270  1684  1411  1565  1676  166  270-300  1722  1442  1676  1820  127 http://www.publish.csiro.au/journals/ajea sustainability indicators in integrated resource management (Walker and Reuter 1996) . A way forward would be to benchmark the optimum threshold values for soil, land and water quality using the sustainability indicators and then determining the extent of deviation from the benchmark values in a given landscape or environment. These values then could be integrated over space (spatial and geographical distribution), attributes (quality characteristics) and time (trend) to produce the condition and trend of natural resource use. Target values can be set and remedial action taken to meet the standards stipulated by ANZECC and the Standing Committee on Agriculture and Resource Management (1998).
